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Many results in p-p collisions that were new and
exciting in 1979 are relevant for RHIC 2008
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PHENIX, PRD76(2007)051006(R)
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NLO-pQCD precison agreement No surprise (to me) that NLO
Strattmann Vogelsang hep-ph/0702083 pQCD agrees with data
PP =" Office of P

’ 4 Science BROOKHAVEN Moriond 2008 PH-SENIX M. J. Tannenbaum 3/23

U.S. DEPARTMENT OF ENERGY



0¥ ' , r— 100 =TT T T | T =

- — pu

3 . — v PHENIX 7° Vs=200 GeV —

3 Moriond 1979 * VE 207 Gev 10-! = VPHENIX n° Vs=62.4 GeV =

o 4 VE£531 Gev — ECCOR 7° Vs=62.4 GeV—>1.033p, =

3 ® V2624 Gev g =

S TN 1072 = =

= ¥ P-P 3

3 . -3 -

. . = ¥ PHENIX 62.4 prelim 5

- s . * Y oot T =

. Wik > * =

'% . ‘ . 8 = —

o . 2 -5 % _

- g 10 _* =

& = . o — ¥ % =

5 wMp . _ ) = - =

3 | . c 7§ wetE e . =

; ! . . ™ i |p:" — ¥* - f—

K] s Q — ¥¥ % -

w O7F o ¢ s 1077 = = =

4 b o — ¥ - =

3 . 3 = =

! }5 3 — - -

3 a ¥ 1078 = ¥ . =

10 Ed o 1 G( ) . — . .‘ =

= €T a ™ — p—

d3p Vs nett (27,/5) ! . ¢ ; — =

S s 4] 1079 = ¥ = =

I ) 4o}, — v & =

vl | CCOR A.L.S. Angelis, et al, ] o-10 T

| Phys.Lett. 79B, 505 (1978) £ = =

os| t , ] o1t L L 111 | | ]
02 03 Q4 05 0.1
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¥ invariant cross section in p-p at Vs=200 GeV is a pure power law for p; >3 GeV/c,
n=8.10+0.05. Power at 62.4 ISR (x;>0.27 is n=11.03+0.16)
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STAR-Jet event in pp STAR Au+Au central PHENIX Au+Au central
h p artic} High p; particle

Spectators
PHENIX E; Transverse Energy corr to An=1 and A®=2m

|||||||||||||||||||I||||

10-1

log scale
l

-—— Participants

102

(a.u)
<£%éﬁ i

!

I

8

10-3 v -~
= heral g ]
! Peri . g ]
-S = eriphera — / S . % ]
Maximum 10 - E
number of 059 3
Maximum impact part. = 394 S% = ]
Central =1%197 10-5 =

/ parameter ~ 15fm

E 15fm—— b =impact parameter ——— Ofm 108

0 200 400 600 800 1000
0 N_part 304 nd 201 &, e yaum 5/23

;Jqom

us.p



Power Law p;>3GeV/c all centralities n=8.10+0.05
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Original wt¥ discovery, PHENIX PRL 88 (2002)022301
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PHENIX Au+Au (central collisions):
- [ Direct y
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Direct y are not suppressed. st and n suppressed even at high pr
Implies a strong medium effect (energy loss) since y not affected.
Suppression 1s flat at high p; Are data flatter than theory?
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Direct y are not suppressed. st and n suppressed even at high pr
Implies a strong medium effect (energy loss) since y not affected.
Suppression 1s flat at high p; Are data flatter than theory?
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Trigger on a particle e.g. wi¥ with transverse momentum py,. Measure azimuthal
angular distribution w.r.t the trigger azimuth of associated (charged) particles with
transverse momentum pr,. The strong same and away side peaks in p-p collisions
indicate di-jet origin from hard-scattering of partons. For the away distribution
calculate the conditional yield in the peak as a function of Xg~pr,/Pr,
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Trigger p pTa
i

J
R _.._’ T

Pr /P Pr s the jet fragmentation variable: z, and z

qur ( Z) =B e_bz is a typical Fragmentation Function, b~ 8-11 at RHIC

Due to the steeply falling spectrum, the trigger m are biased
towards large z,, (z,) =(n-1)/b while unbiased (z)=1/b

o - D —pr, cos A ) 2
vp — (P P _ P b o Pl _ Pr/DL, | % v
PT; Pr; pr, Pty / Pt (Zt)

From Feynman, Field and Fox: the xg distribution corrected

d PFFF
g : . ~ (2;) Bexp—b{(z)rg
for <z> measures the unbiased fragmentation function dzg (2e) Bexp —b (z)
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Pr / Pr s the jet fragmentation variable: z, and z

qur ( Z) =B e_bz is a typical Fragmentation Function, b~ 8-11 at RHIC

Due to the steeply falling spectrum, the trigger m are biased
towards large z,, (z,) =(n-1)/b while unbiased (z)=1/b

|1, - Pr,|  —pr,cosA¢ _pr,  Pr./PT, | Za
Tp = |—ig—t| = Tl — EIPN M79
PT; Pr; pr, Pty / Pt (Zt)

From Feynman, Field and Fox: the xg distribution corrected

d PFFF
g : . ~ (2;) Bexp—b{(z)rg
for <z> measures the unbiased fragmentation function dzg (2e) Bexp —b (z)
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Py

Xg Py

< = PDr / Pr  is the jet fragmentation variable: z,and z,

qur ( Z) =B e_bz is a typical Fragmentation Function, b~ 8-11 at RHIC

Due to the steeply falling spectrum, the trigger m are biased
towards large z,, (z,) =(n-1)/b while unbiased (z)=1/b

|1, - Pr,|  —pr,cosA¢ _pr,  Pr./PT, | Za
Tp = |—ig—t| = Tl — EIPN M79
PT; Pr; pr, Pty / Pt (Zt)

From Feynman, Field and Fox: the xg distribution corrected

d PFFF
for <z> measures the unbiased fragmentation function

de

~ (z;) Bexp —b{z) zp
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Pr / Pr s the jet fragmentation variable: z, and z

qur ( Z) =B e_bz is a typical Fragmentation Function, b~ 8-11 at RHIC
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From Feynman, Field and Fox: the xg distribution corrected
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for <z> measures the unbiased fragmentation function dzg (2e) Bexp —b (z)
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38 R.P Feynman et al, | Large transverse momenta

10 oy
t prp~by+h*+X  8;=00

W=104 GeV pylh,)=40 T

- h_'_-" !
lﬂu L " hy=Jdut ::':.'{

1/N(irig) dN/dz

tering model. The upper figure shows the single-particle (70} tngger results plotted versus

2 = —px(h*)fp (n¥}) and the jet tngger plotted versus z; = —py(h*)/py(jet) (see table 1). In the
lower figure, we plot borh versus 23, where for the jet tnigger 2y = 2, but for the single-particle
tnigger zy = {222, The away hadrons are integrated over all rapidity ¥ and [180% — ¢ = 457
and the theory is calculated using ¢k yp.q = 500 MeV. # hy =70, x 1y = jet.
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“There 1s a simple relationship
between experiments done with
single-particle triggers and those
performed with jet triggers. The
only difference in the opposite
side correlation is due to the fact
that the ‘quark’, from which a
single-particle trigger came,
always has a higher p, than the
trigger (by factor 1/z,;,). The
away-side correlations for a
single-particle trigger at p, should
be roughly the same as the away
side correlations for a jet trigger at
p, (Jet)=p, (single particle)/
<z...>".
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B
P >}l’{éEN|X M. J. Tannenbaum 11/23



10°

O OPAL G \E-180GoV gluonjet T e 40
103 @ OPAL €'e quark jet - 10,;_ PI'HK—ENIX ) 4<p < 5x 101_=.
A DELPHI e*e \5=180 GeV gluon jet 3 E . 5<p < 6x10 3
DELPHI e*e” quark jet ] L o 6<p < 7 x10° 1
N 102: ‘ 3 - . 7<p < 8x 107
®) B 7 X -1 ]
10 E =
= 10¢ E-: .
2k 4 T 0% | E
[ = B, 3 D = 3
=l . £ 103 N
g w0t R I
~ 1020 P, - 10°L -
? ....Au. ? 5§ . E
1 03%_ b,=11.4 %? 10 %— fl _§I
-4: | | | | | | | | | | | I | | | | | ! | : 10-6_| 11 | 1 1 | 1 1 1 |J" 11 | 11 1 | 11 1 | 1 1 1 | L1 I_
10 0.2 0.4 0.6 0.8 1 0O 02 04 06 08 1 12 14 1.6
Z X
PHENIX PRD 74 (2006) 072002. The xg distribution
triggered by a leading fragment (it°) is not sensitive to the
shape of the fragmentation function!!! Disagrees with FFF!!
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Relates ratio of particle py Ratio of jet transverse momenta

—pr1, cosA¢  pr, R DT
T = Py, 2P
PT, PT, PT:,
measured Can be determined

If formula works, we can also use it in Au+Au to determine the relative
energy loss of the away jet to the trigger jet (surface biased by large n)

] ——
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Exponential Frag. Fn. and power law crucial

d°ox(pry, 2)  dog

dﬁTtdZt B dﬁTf
Let pr, = pr,/ 2

dzo-’n' (th ’ Zt)

A

~n—1
Pr,

X D}(z) =| < D3(2)

dﬁﬂ/dpﬂ|zt — 1/Zt

A

= —— X 2" ?Di(z
dpr,dz P t (=)

where ztmin|th =x7, | DI(z)= Be

1d%_AB/1
pr,apr, D1, Jay,

dz 2" % exp —bz

Fragment spectrum given pr,
Power law spectrum of parton pr,

Fragment spectrum given pr, 18
weighted to high z, by z,*?

Incomplete gamma function

Good approximation 7, — 0 upper limit — oo

| do, _T(n—1)AB

Bjorken parent-child relation: parton and particle

th det -~ bn_l

p% invariant p; spectra have same power n, etc.
t
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k. and k; smearing was a big topic at Moriond 1979
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Away side correlation in Au+Au is generally wider than p-p with complicated structure

Define Head region (HR) and Shoulder regions (SR) for wide away side correlation.
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4 Since the trigger jet is surface biased,
the away jet must cross through nearly
: the entire medium except in the case of
tangenual emission. The decrease of

7 pTa 1D Py, 1n Aut+Au central

. colhs1ons relative to p-p by a factor of
~0.5-0.6 indicates that the away jet has
- lost energy by traversing the medium
and gives a quantitative measurement.
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Two-component distribution (punch-through) is now clear for 6< p;,< 10 GeV/c
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® Due to the steeply falling power-law spectrum of the scattered partons, the
inclusive particle p; spectrum 1s dominated by fragments biased towards large z.
This was unfortunately called trigger bias by M. Jacob and P. Landshoff, Phys.
Rep. 48C, 286 (1978) although it has nothing to do with a trigger.

o a
d O'WA(th’ Zt) — % X Dg—(zt)
dpr,dz 41,
A
— —— x DY(z)
th

let pr, = pry/2e  dpr/dpnls = 1/2
d’o(pr,, 2t) 1 A

— X Di(z
detdZt <t (th/zt)n_l ﬂ-( t)
A
= =1 X Z?_ngr(Zt)
PT;

_ —bz
Di(z;) = Be™ "*
Moriond 2008

where Zimin| pr, = T,

Officc _.
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Fragment spectrum given pr,

Power law spectrum of parton pr,

Fragment spectrum given p, 18
weighted to high z, by z,*2

(<z>=1/b)

B
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We can integrate over the trigger jet z, and find the inclusive pion cross section:

Im _ . / ! dz 2 2exp —bz (8)
pr, dpr, p1, T

which can be written as:
1 do, AB 1

pr,dpr,  pf, b*!

I'(n—1,bzy,) —I'(n—1,b)] : (9)

where

[a,z) = [;O t* et dt (10)
is the Complementary or upper Incomplete Gamma function, and I'(a, 0) = I'(a) is the Gamma,
function, where I'(a) = (a — 1)! for a an integer.

A reasonable approximation for small 7 values is obtained by taking the lower limit of Eq. 8
to zero and the upper limit to infinity, with the result that:

Bjorken parent-child relation:
1 do, T'(n—1)AB parton and particle invariant p,
pr, dpr, br-1 - ph, spectra have same power n

f:?}Tt dzz ™" exp —bz [['(n, bzr,) — [(n, b)] _n—1

1
b[[(n—1,bzy) —T(n—1,b)] b

A g
t(pri)) I;Tt dz 2% exp —bz

Inclusive high p; particle has n-1 times larger <z> than unbiased fragmentation, <z>=1/b
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d2 o (Dr 2 do Prob. that you make a jet
i (p % t) — 9 % D?r( > t) with P, which fragments

dﬁTt dZt dﬁTt to a 7t with z=pr,/ ]A)Tz

Also detect fragment with z, = pr, /pr,
from away jet with pr. /pr, = Zp,

dso-ﬂ'(ﬁTt) Rt s Za) . do.q 5 Dg_(zt) % D?T(za) Prob. l:hat away jet

- = ~ with Py, fragments
dpn dthZa det toarm \illth Za=pTa/ﬁTa

by pr, Pr,  *&DP1,
a A A A A
Pr, ZTwPr, ZIuwPTy
do 1 do i Appears to be
- — : D,f-’r(zt)D?r( AtpTa ) sensitive to away
detdthpTa Ih PT; d (th / Zt) LhPT; jet Frag. Fn.
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d3o, _ 1 do, D'”( )D,H.(thT )
dpr,dzdpr,  Thpr, d(p7/ %) ThprT,
Take: D(z) = Bexp(—bz) 49 _ _4 _ AL A"
dﬁTt ﬁ% ! pn
d*c,  B* A p_TL
fz o dz 2t exp|—bz (1 + hpT“ )]
dprdpr, & P, T ThprT,
dox _ ~2exp —bz
/
dp T; th Ty

Using: ['(a,z) = fm ta=1 o=t 7+ Where I'(a,0)= I'(a)=(a-1) I'(a)

P>=5" Office of : gy i
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d°o, I'(n)B?% A 1

e

dprdpr, b dnph (14 772)"

do, T(n—1)AB
dpn ~ pn—1 p%—l
_Bn-1)1 1

prL .’,?Ih (1 + %ﬁi)”

dP,
dea

T,

In the collinear limit, where pr, = zgp7, :
dP,| _B(n-1)1 1
dzgl,, b &p(1+ ZE)

P,

Where B/b=<m>=b 1s the mean charged multiplicity in the jet

pPZ_=5" Office of , o
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* The only dependence on the fragmentation function is in the
normalization constant B/b which equals <m>, the mean multiplicity
in the away jet from the integral of the fragmentation function.

* The dominant term in the X distribution 1s the Hagedorn function
1/(1+zg/Zn)" so that at fixed py, the x; distribution is predominantly
a function only of xg and thus exhibits xg scaling, as observed.

The reason that the xg distribution 1s not sensitive to the shape of the
fragmentation function is that the integral over z in (1, 2) for fixed p,
and pr, is actually an integral over jet transverse momentum PT .
However since the trigger and away jets are always roughly equal and
opposite in transverse momentum (in p+p), integrating over pr.,
simultaneously integrates over pr, . The integral is over z,, which
appears in both trigger and away side fragmentation functions in (1).

] N
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Spectators

\

~15f
-— Participants

T
b
i

< : > view along beam axis
beam axis

* For point-like processes, the cross section in p+A or A+B
collisions compared to p-p is simply proportional to the
relative number of pointlike encounters

A for p+A, AB for A+B for the total rate

T ,g the overlap integral of the nuclear profile
functions, as a function of impact parameter b
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Figure 21 Jet fragmentation functions measured in different processes : v-p interactions (open
triangles, Van der Welde 1979); e* e~ annihilations (solid line, Hanson et al 1975); and pp
collisions (full circles CS, pr < 6 Ge¥/c, open circles CS, pr > 6 GeV/c, full squares CCOR, py
= 5GeV/c, open squares CCOR, py = 7 GeV/c).
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P. Darriulat, et al, Nucl.Phys. B107 (1976) 429-456
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Figure 19 The slopes b obtained from exponential fits to the jet fragmentation function in the
interval 0.2 < z < 0.8 in e*e” annihilation (full circles) and LPTH data of the BS
Collaboration {open circles).

Figures from P. Darriulat, ARNPS 30 (1980)
159-210 showing that Jet fragmentation
functions in vp, ete” and pp (CCOR) are the
same with the same dependence of b

TN L

(exponential slope) on “§
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* the multiplicity 1s ~A~200 times larger in AA central collisions than
in p-p =huge energy in jet cone: 300 GeV for R=1 at Vs, =200 GeV

* huge azimuthal anisotropies which don’t exist in p-p which are
interesting in themselves, and are useful, but sometimes troublesome.
e space-time issues both in momentum space and coordinate space are

important in RHI : for instance what is the spatial extent of parton
fragmentation, 1s there a formation time/distance?
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